Abstract In recent years, there has been considerable interest and research activity in using gold nanoparticle materials for biomedical applications including biomolecular detection, bioimaging, drug delivery, and photothermal therapy. In order to apply gold nanoparticles in the real biological world, we need to have a better understanding of the potential interactions between gold nanoparticle materials and biomolecules in vivo and in vitro. Here, we report the use of dynamic light scattering (DLS) for gold nanorods characterization and nanorod-protein interaction study. In the size distribution diagram, gold nanorods with certain aspect ratios exhibit two size distribution peaks, one with an average hydrodynamic diameter at 5-7 nm, and one at 70-80 nm. The small size peak is attributed to the rotational diffusion of the nanorods instead of an actual dimension of the nanorods. When proteins are adsorbed to the gold nanorods, the average particle size of the nanorods increases and the rotational diffusion-related size distribution peak also changes dramatically. We examined the interaction between four different proteins, bovine serum albumin, human serum albumin, immunoglobulin G, and immunoglobulin A (IgA) with four gold nanorods that have the same diameter but different aspect ratios. From this study, we found that protein adsorption to gold nanorods is strongly dependent on the aspect ratio of the nanorods, and varies significantly from protein to protein. The two serum albumin proteins caused nanorod aggregation upon interaction with the nanorods, while the two immunoglobulin proteins formed a stable protein corona on the nanorod surface without causing significant nanorod aggregation. This study demonstrates that DLS is a valuable tool for nanorod characterization. It reveals information complementary to molecular spectroscopic techniques on gold nanorod-protein interactions.
Introduction
Gold nanoparticle materials have attracted considerable attention due to their unique properties and potential applications as optical probes. Within their surface plasmon resonance (SPR) wavelength region, gold nanoparticles absorb and/or scatter light intensely, and such properties make them excellent optical materials for bioimaging, biomolecular detection, and photothermal therapy [1] [2] [3] [4] . Gold nanoparticles can be made in a wide range of shapes and geometries such as spherical particles, nanorods, nanoshells, nanostars, and nanocages [5] [6] [7] [8] [9] [10] . The optical properties of gold nanoparticles are strongly dependent on the shape and size of the particles [11] [12] [13] . For in vivo biomedical applications, gold nanoparticles with SPR band in the nearinfrared (IR) region (700-900 nm) are preferred because light within this spectrum window can penetrate tissue more deeply than the visible light, and also is not substantially absorbed by the aqueous environment. Gold nanorods (GNRs) exhibit two SPR bands, the transverse band around 520-600 nm, and the longitudinal band in the near IR region, with the exact wavelength tunable by controlling the aspect ratio of the nanorods [13] . Because of their near IR SPR band, gold nanorods are considered as more promising than solid spherical nanoparticles for in vivo biomedical applications.
The potential interactions between nanoparticle materials and various biomolecules, particularly proteins, are a major research topic [14, 15] . These interactions can play a significant role on the biological activity, stability, outcome, and toxicity of the nanoparticle bioconjugate materials in vitro and in vivo. Dobrovalskaia et al. conducted a systematic study on blood plasma protein adsorption to citrateprotected gold nanoparticles and identified about 60 different proteins in the "protein corona" that is formed on the gold nanoparticle surface [16] . De Paoli Lacerda et al. reported an interaction study of common human blood proteins with spherical gold nanoparticles and determined their different binding affinities [17] . Our group recently discovered and developed a simple serum-gold nanoparticle adsorption assay for cancer detection based on the serum protein-gold nanoparticle interactions [18, 19] . We found that serum proteins adsorbed to gold nanoparticles from cancer patients differ from the normal healthy donors, and this difference can be used to predict the aggressiveness of cancer. More recently, Arvizo et al. reported a serumadsorbed gold nanoparticle system to identify potential therapeutic targets for cancer [20] .
There have been many methods and techniques reported for nanoparticle-protein interaction studies. From a literature survey, we found that the most commonly used method is fluorescence spectroscopy [16, 21, 22] . Almost all proteins have fluorescent amino acids, tryptophan, and tyrosine. When the fluorescent tryptophan or tyrosine interacts with gold nanoparticles, the fluorescence properties of tryptophan or tyrosine will change. These changes can occur as emission wavelength red-shift or blue-shift, fluorescence quenching or enhancement. Such changes have been used to determine the binding affinity and binding constant of proteins with gold nanoparticles quantitatively. However, there is a general concern on the fluorescence technique: a protein can contain multiple tryptophan and tyrosine residues. Depending on their actual distance to the gold metal core, the fluorescence of these amino acid residues can be quenched or enhanced [23, 24] . This problem could cause uncertainty in the quantitative analysis. In addition to fluorescence, circular dichroism [22, 25, 26] and FT-IR spectroscopy [22] are often used to monitor protein conformation change upon binding with gold nanoparticles. Calzolai et al. identified ubiquitin-gold nanoparticle interaction site using NMR spectroscopy [27] . All in all, multiple analytical techniques are needed to probe the complex interactions between proteins and gold nanoparticle materials.
Dynamic light scattering (DLS) is a technique that is used routinely for nanoparticle size analysis. Proteins are macromolecules. The hydrodynamic diameters of typical proteins are in the nanometer range (1-10 nm). When proteins are adsorbed to gold nanoparticles, the size of the nanoparticles will increase. We and many other groups have previously demonstrated that DLS can be used as a very convenient and powerful tool to monitor specific binding and non-specific adsorption of proteins to spherical gold nanoparticles [28] [29] [30] [31] . Based on the nanoparticle size change, we and others have developed a novel platform technology, nanoparticle-enabled dynamic light scattering assay (NanoDLSay™) for biological and chemical detection and analysis with high to ultrahigh sensitivity and excellent reproducibility [32] [33] [34] [35] [36] [37] [38] . In this work, we applied the DLS technique to study the gold nanorods and nanorod-protein interactions. Compared to citrate-protected spherical gold nanoparticles, the understanding of nanorod-protein interactions is substantially less. Nanorod-protein interactions are more complicated than that of spherical particles, due to their non-spherical geometry and different surface ligand layer than the citrate-protected spherical nanoparticles. The goal of this study is to find better conditions for making gold nanorods-protein bioconjugates for in vivo and in vitro applications.
Experimental
Reagents CTAB (cetyl trimethylammonium bromide)-protected Gold nanorods (CTAB-GNRs, A-12-25-550, A-12-25-600, A-12-25-650, and A-12-25-700) were purchased from Nanopartz Inc. (Loveland, Co). Spherical, citrate-protected gold nanoparticles with an average diameter of 100 nm (GNP100, catalog number 15708-9) were purchased from Ted Pella Inc. (Redding, CA). The physical properties of the four gold nanorods and nanoparticles used in this study are summarized in Table 1 . The four gold nanorods are denoted as GNR1.4, GNR1.9, GNR2.4, and GNR3.0, according to their aspect ratio. All four gold nanorods have the same diameter of 25 nm. Bovine serum albumin (BSA, A7888), human serum albumin (HSA, A9511) were purchased from Sigma (Saint Louis, MO). Human immunoglobulin G (IgG) (ab91102) and IgA (ab91025) proteins were purchased from Abcam (Cambridge, MA).
UV-vis absorption spectroscopy measurement The UV-vis absorption spectra were obtained with an Agilent 8453 spectrometer using a 1-cm path length quartz cuvette. The reference samples were deionized water.
DLS measurements
The hydrodynamic diameters of the nanoparticles under investigation were measured using a Zetasizer Nano ZS90 DLS system equipped with a red laser (532 nm) and an Avalanche photodiode detector (quantum efficiency >50 % at 532 nm; Malvern Instruments Ltd., England). A Hellma cuvette QS 3 mm was used as a sample container. DTS applications 5.10 software was used to analyze the data. All sizes reported here were based on intensity average. The intensity average particle size was obtained using a non-negative least squares analysis method. For each sample, one measurement was conducted with a fixed run time of 10 s. A detection angle of 90°was used for the size measurement.
Gold nanoparticle-protein adsorption study To 100 μL of a GNR solution was added 2 μL of a protein solution. All protein solutions had a concentration of 1 mg/ml in 10 mM phosphate buffer. The average particle size of the mixed solution was measured after different incubation times.
Results and discussions

DLS analysis of CTAB-GNRs
We first used DLS to analyze the pure CTAB-GNRs. It should be noted that the DLS instrument used in the present study has a fixed detection angle of 90°. Particles with nonspherical shapes such as nanorods, can be more precisely characterized by multiple angles or depolarized DLS measurements [39] [40] [41] [42] . However, because most users have fixed angle DLS instruments in their laboratories, therefore, we focused on the use of fixed angle DLS for nanorod characterization in this study.
The four GNRs have the same diameter of 25 nm, with different aspect ratios, 1.4, 1.9, 2.4, and 3.0, respectively (the four GNRs are denoted as GNR1.4, GNR1.9, GNR2.4, and GNR3.0, respectively). The longitudinal SPR peak of the four nanorods are 538, 580, 650, 698 nm, and the SPR peak of GNP100 is 560 nm (Fig. 1a) . The size distribution curves of the four GNRs and GNP100 are shown in Fig. 1b . From the comparison, we noticed a number of interesting features that are absent from spherical gold nanoparticles: (1) all four nanorods showed a major particle size distribution peak at an average diameter of 75 nm; (2) with the exception of GNR1.4, other three GNRs exhibit a small particle size peak around 5-6 nm; and (3) the intensity distribution (expressed as the percentage of the total scattered light intensity) of the small size peak increases with increased aspect ratio. Figure 1c is a plot of the intensity distribution of the small size peak versus the aspect ratio of the nanorods. For comparison purposes, we also included spherical gold nanoparticles with an average diameter around 100 nm in the study. Only one major peak with an average diameter of 105 nm was observed from the spherical nanoparticle.
The size distribution peak at 75 nm is worthy for further discussion. First, this number does not correspond to either the longitudinal or the transverse dimension of the nanorods. The diameter is 25 nm for all four nanorods and the length is 34, 47, 60 , and 73 nm, respectively. Second, the particle size value of this distribution peak is the same for all four nanorods, despite their obviously different mass. DLS obtains the nanoparticle size information by measuring the diffusion coefficient of the particle [43, 44] . This is the reason why the particle size obtained from DLS analysis is called the "hydrodynamic" dimension. The diffusion coefficient of a particle is not only dependent on the mass of the particle, but also the shape and the surface chemistry of the particles because these parameters affect the particle-solvent interactions, and therefore, the Brownian motion of the particles. The observed results simply mean that the four nanorods have the same diffusion coefficient as a spherical gold nanoparticle with a hydrodynamic diameter of 75 nm. In the case of nanorods, the shape and the surface chemistry of the nanorod perhaps play a more dominant role than the mass in its translational diffusion coefficient.
The small size peak around 5-7 nm is sometimes mistaken as the presence of small particle impurities. Several reports recently proposed that this small size peak is actually a representation of the rotational diffusion of the nonspherical nanorods [45, 46] . It is not an actual particle size distribution peak. It corresponds to neither the longitudinal and transverse dimension of the nanorods. This peak signifies that the rotational diffusion coefficient of the nanorods is equivalent to the translation diffusion coefficient of a spherical particle with an average diameter of 5-7 nm. The rotational diffusion appears to be strongly dependent on the aspect ratio of the nanorods: the intensity distribution (percent) of this peak increases significantly with increased aspect ratio (Fig. 1c) . For GNR with an aspect ratio of 1.4, only the large particle size peak was observed, similar to the spherical nanoparticles. The findings from this study suggest that when using fixed angle DLS to analyze and interpret the size of gold nanorods, it is important to understand the true meaning of the average particle size data and size distribution peaks. The relative intensity of the size peak related to the rotational diffusion coefficient of the nanorods can provide additional size information of the nanorods.
Nanorods-protein interaction analysis
For spherical gold nanoparticles, proteins are believed to adsorb to the nanoparticle surface through a combined suite of chemical interactions including electrostatic interactions, van der Waals interactions, Au-S and Au-N bonding. Gold nanorods have a different surface chemistry from the citrateprotected spherical gold nanoparticles: the citrate ligands that protect the spherical gold nanoparticles are negatively charged, while the CTAB (cetyl trimethylammonium bromide) ligands protecting the nanorods are positively charged. It is expected that proteins interact with spherical particles and nanorods differently. Because DLS can be used to monitor the nanoparticle size change continuously, we conducted the gold nanorod-protein interaction study under kinetic conditions. Four proteins are investigated in this study: BSA, HSA, human IgG, and human IgA. In all of these protein-nanorod interaction studies, a pure phosphate buffer (PB) solution that is used to prepare the protein solutions was used as a negative control. Figure 2 is the DLS data of the GNR1.9 (A and B) and GNR2.4 (C and D) upon mixing with BSA or PB control solution. Three nanorods, GNR1.4, GNR1.9, and GNR3.0 showed no size and size distribution change at the presence of BSA (the data of GNR1.4 and GNR3.0 is not shown here, but very similar to GNR1.9). That is to say, the average particle size of the two peaks, 5-6 and 75 nm, remains unchanged (Fig. 2a) compared to phosphate buffer control solution, and the relative intensity of these two peaks remain unchanged as well (Fig. 2b) , suggesting that there is no interaction between BSA and these three GNRs. Interestingly, there is a dramatic response from GNR2.4: First, the average particle size of the large size peak increases steadily and quickly from about 75 nm to more than 200 nm within 10 min of incubation time, and the average particle size of the small size peak also increases from 5-7 nm to about 20-30 nm (Fig. 2c) . Second, the relative intensity of the small particle size peak decreases from the original 50 % to less than 10 % (Fig. 2d) , and the relative intensity of the large particle size peak increases from 50 % to more than 90 %.
The interaction between HSA and nanorods are very similar (Fig. 3a , b: GNR1.9; Fig. 3c, d: GNR2.4) . Again, three nanorods, GNR1.4, GNR1.9, and GNR3.0, showed no response to HSA at all (only the data for GNR1.9 is presented here), while GNR2.4 exhibited substantial particle size increase upon interaction with HSA. However, there are some slight differences between HSA and BSA: the particle size increase caused by HSA appears to be even larger than that is caused by BSA, and the small size peak that is indicative of rod-shaped particle disappeared completely over incubation time.
IgA and IgG are immunoglobulin proteins. IgA is a dimer of IgG, linked together through the Fc region, with the Fab region exposed outwards. Again, we did not observe any size change from GNR1.4, GNR1.9, and GNR3.0 (data not shown here). Only GNR2.4 showed response to IgA and IgG, however, in a very different way from the two serum albumin proteins (Fig. 4) . The interaction of IgA or IgG caused the large particle size peak increase from 75 nm to about 100 nm for IgA (Fig. 4a) , and to 85 nm for IgG (Fig. 4b) . So the net increase is 15 nm for IgA and 10 nm for IgG. The small size peak, increased from about 5 to 15 nm for IgA (Fig. 4c) , and from 5 nm to about 9 nm for IgG (Fig. 4d) . Most noticeable is that the intensity distribution of the small size peak changed only very slightly: it decreased from 50 % to about 45-47 % (Fig. 4e, f) for both IgA and IgG.
As a comparison to GNRs, the interaction between a spherical gold nanoparticle, GNP100 with a hydrodynamic diameter of 105 nm was also studied. Upon mixing with BSA and HSA at a concentration of 1 mg/mL, no obvious nanoparticle size increase was observed. Upon mixing with IgA and IgG, the nanoparticle size increased by about 20 nm, from 105 to 125 nm.
The particle size analysis revealed several unexpected results regarding the nanorod-protein interactions. The first noticeable result is that among the four nanorods studied here, only nanorods with an aspect ratio of 2.4, GNR2.4, appears to interact with the two serum albumins and the two immunoglobulins. We have not noticed similar findings from previous reports on such a phenomenon. In one study reported by Pan et al., it was mentioned that BSA adsorbs more strongly to gold nanorods with an aspect ratio of 8.0 than nanorods with an aspect ratio of 3.0 [21] . The surface chemistry of the four nanorods investigated in this study is the same, because they are all CTAB-protected, and positively charged on the surface. At this moment, the exact reason behind this difference is unclear. Since only the aspect ratio is different, we can only hypothesize that this may be related to the different stability of the CTAB bilayer structure on the nanorods. It is possible that GNR with an aspect ratio of 2.4 may have the lowest stability, therefore, more easily displaced by proteins. A second noticeable result is that it appears that the two serum albumin proteins (BSA and HSA) caused nanorod aggregation (Fig. 5a ) while the two immunoglobulin proteins formed a stable protein corona on the nanorod surface without causing nanorod aggregation (Fig. 5b) . Serum albumin is a protein with a molecular weight around 60 KDa. The hydrodynamic diameter of a serum albumin is around 5 nm. If a complete layer of BSA molecule is adsorbed to the nanoparticle, the net increase of the particle size should not exceed about 10 nm. The dramatic size increase from 75 to more than 200 nm can only be interpreted as nanorod aggregate formation. Furthermore, the aggregate formation is most likely a random aggregate. With its non-spherical geometry, GNRs are known to form end-to-end or side-byside assemblies under various conditions [38] . From the analysis of pure GNRs, we know that with higher aspect ratio, the intensity of the small size peak increases. If BSA interacts with GNR primarily through end-to-end mode, we should see intensity increase of the small particle size peak, All samples were prepared by adding 2 μL of 1 mg/mL protein solution or PB control solution into 100 μL GNR solution. a and b are the plots of the average particle size of the large size peak versus incubation time; c and d are the plots of the average particle size of the small size peak versus incubation time. e and f are the plots of the small peak intensity distribution (percent) versus incubation time not decrease. As random aggregates are formed, the aggregates "look" more like a spherical particle, and the signature peak indicative of the rotational diffusion of a rod-like particle will disappear. On the other hand, the interaction of the two immunoglobulin proteins (IgG and IgA) with the nanorod GNR2.4 appears to lead to the formation of a stable protein corona on the nanorod surface. The average particle size of the nanorods increased only about 10-15 nm, which is on par with the hydrodynamic diameter of the two proteins. The relative intensity of the small particle size peak, signature of the nanorod rotational diffusion, remains almost the same. This suggests that the nanorods, after their interaction with the two immunoglobulin proteins, maintained their rod-like shape.
Currently, we do not know the exact reasons behind these differences. We offer the following explanations as possible mechanisms. The isoelectric point of serum albumin is around 4.7; and the isoelectric points of immunoglobulins are higher, typically in the range of 6.1-8.5 (refer to the product information, Sigma-Aldrich). At neutral PB buffer solution (pH 7.4), serum albumins are negatively charged. The CTAB-GNRs are positive charged. It could be that the electrostatic interaction between negatively charged serum albumin and the nanorods caused the disruption of the CTAB biolayer. GNR2.4 may have the weakest CTAB bilayer structure and is easily perturbed by protein adsorption interaction. The CTAB bilayer structure may be disrupted too quickly to allow the serum albumin proteins to form a stable protecting layer on the nanorod surface. Subsequently, the exposed nanorods quickly aggregated together due to strong van der Waals interactions between the exposed metal cores. As to the immunoglobulin proteins, these proteins are membrane proteins that are produced by the B cells and located in the membrane of B cells. The immunoglobulins may bind to the gold nanorods by first inserting the Fc region of the antibody into the CTAB bilayer, and then further interaction with the gold nanorods.
The surface protection layer of the nanorods is not disrupted during the protein adsorption process. In the end, a stable protein corona is formed on the nanorods. These hypotheses certainly require further extensive studies.
Conclusion
In this study, we demonstrate that fixed angle DLS may also be used for gold nanorods characterization and study. However, one should be aware that when using a fixed angle DLS instrument as most users have, the particle size data of nanorods obtained from DLS does not represent the true physical dimension of the nanorods. The actual information determined by DLS is the diffusion coefficient of the particle. If the nanoparticle is spherical, the hydrodynamic diameter can be revealed by Stokes-Einstein equation. If the particle has a rod shape, the diffusion coefficient determined by DLS is still accurate, but the hydrodynamic diameter cannot be deduced from the Stokes-Einstein equation. Despite this fact, we can still use single, fixed angle DLS to monitor the nanorod size change upon protein interaction, as demonstrated in this study. The small particle size peak that is a signature of the rotational diffusion of the nanorods is important for determining the nanorod aggregate formation. Complementary to various molecular spectroscopic techniques, DLS can provide additional information on the complex protein-nanorod interactions. Although many previous studies have demonstrated the use of antibody-conjugated gold nanorods for imaging and biomolecular assay development [47] [48] [49] [50] [51] , it is also acknowledged by these previous studies that there are more difficulties involved in the preparation of gold nanorod-protein bioconjugates than the spherical nanoparticle bioconjugates. More often than not, the CTAB-protected gold nanorods need to be first modified with other ligands or functional groups to facilitate bioconjugation. Our study suggests that CTAB-protected gold nanorods with certain aspect Fig. 5 Schematic illustrations of two different interaction models between GNRs and proteins. Serum albumins (BSA and HSA) caused gold nanorods aggregate formation (a), while IgG and IgA formed a stable protein corona on the nanorod surface (b). Also in a, some CTAB ligands are intentionally eliminated to illustrate the potential disruption of the CTAB doublelayer structure ratios can be directly conjugated to antibodies through a simple adsorption process. The aspect ratio of the GNRs should be considered in selecting the most suitable nanorods for future application development
